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A numerical study of guide-field magnetic reconnection in a three-dimensional model is presented.
Starting from an initial, perturbed, force-free current sheet, it is shown that reconnection develops
to an almost translationally invariant state, where magnetic perturbations are aligned primarily along
the main current flow direction. An analysis of guide-field and electron flow signatures indicates
behavior that is very similar to earlier, albeit not three-dimensional, simulations. Furthermore, a
detailed investigation of electron pressure nongyrotropies in the central diffusion region confirms
the major role the associated dissipation process plays in establishing the reconnection electric
field. © 2005 American Institute of Physics. �DOI: 10.1063/1.2114350�

While it now appears that electron quasiviscous dissipa-
tion is the likely prime mechanism for establishing a recon-
nection electric field in antiparallel reconnection
geometries,1–5 there is considerably more debate regarding
the mode of operation of the inner electron diffusion region
when a finite guide magnetic field is present. Candidate pro-
cesses here are electron nongyrotropies generated by electron
Larmor radius scales of magnetic-field gradients,6–8 instabili-
ties generated by fast electron beams, such as Buneman
modes,9 or electron inertial processes in very thin electron
current layers.10

Whichever the process, it is clear that, on a microscopic
level, it needs to provide a finite contribution to the electric
field �in standard notation�,

E = − ve � B −
1

nee
� · Pe −

me

e
� �ve

�t
+ ve · �ve� , �1�

at the reconnection site. If we assume current flow and guide
magnetic field to be in the y direction, �1� is evaluated in the
electron diffusion region to yield
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As is evident from �2�, the parallel electric field has to be
related to thermal inertia terms �the divergence of the elec-
tron pressure tensor�, or bulk inertia terms with temporal or
spatial derivatives of the electron bulk flow speed.

In nonrelativistic applications, the time derivative on the
right-hand side of �2� usually remains ignorable.7 In order to
study the relevance of the remaining terms, it is necessary to
perform high-resolution numerical simulations with suffi-
ciently large particle numbers to resolve scales as small as

electron Larmor radii, and small electron nongyrotopies.7 In
this paper, we present the first results of such three-
dimensional simulations, with the goal to specifically resolve
all relevant spatial scales and where a substantially large par-
ticle number was employed in order to reduce the inevitable
noise in three-dimensional particle-in-cell simulations.

Throughout this paper, we will utilize dimensionless
quantities. For this purpose, we normalize densities by a
typical density n0, and the magnetic field by the asymptotic
value of the reconnecting magnetic field B0. Length scales
are normalized by the ion inertial length c /�i, where the ion
plasma frequency �i=	e2n0 /�0mp is evaluated for the refer-
ence density n0. Velocities are measured in units of the ion
Alfvén velocity vA=B0 /	�0mpn0. The electric field is mea-
sured in units of E0=vAB0, the pressure in units of p0

=B0
2 /�0, and the current density is normalized to j0

=�iB0 /c�0. Time is expressed in units of ion cyclotron pe-
riods.

In order to avoid unrealistic growth behaviors for the
mass ratio employed here of kink11,12 and lower hybrid
drift13–15 �LHD� modes for the mass ratio employed here �see
below�, we utilize as an initial condition a perturbed force-
free current sheet. We emphasize that both LHD and kink
modes are known to modify the current sheet profile.13,15

However, in a three-dimensional calculation, it is not feasible
to reproduce this behavior correctly. The poloidal magnetic
field is of the form

Bx = tanh�z/l� + a0�/Lz cos�2�x/Lx�sin��z/Lz� , �3�

Bz = − a02�/Lz sin�2�x/Lx�cos��z/Lz� , �4�

whereas the toroidal magnetic field fulfills
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By = 	�cosh�z/l�−2 + By0
2 �

− a02�/Lz sin�2�x/Lx�cos��z/Lz� . �5�

We choose By0=0.8 as the asymptotic value of the guide
field. The initial density and pressure distributions are homo-
geneous with magnitudes of unity and 0.5, respectively, and
the current density is initially supported by the electrons
alone. In order to obtain a rapid reconnection initiation, the
initial current sheet full width is selected to be 2l=0.7. The
perturbation amplitude a0=0.1 leads to an initial value of the
normal magnetic field of about 3% of B0. The system sizes
are Lx=13.9, Ly =8.5, and Lz=6.9. The time step is �edt=1,
and energy is conserved to within a few percent throughout
the run.

The ion-electron mass ratio is chosen to be mi /me=50. A
total of 1�109 macroparticles are employed during the cal-
culation, and an electron/ion temperature ratio of Te /Ti=0.2
has been adopted. The system evolution is modeled by our
particle-in-cell code3,7 on a grid composed of 171�101
�171 cells in the x, y, and z directions, respectively. Peri-
odic boundary conditions are employed in the x and y direc-
tions, whereas the particles are specularly reflected at the
upper and lower boundaries.

The initial condition, as described by Eqs. �3�–�5�, de-
scribes a perturbed magnetohydrodynamic equilibrium, but
only an approximate kinetic equilibrium. The deviations
from kinetic equilibrium manifest themselves in fluctuations
that initially grow outside the current sheet and subsequently
propagate into the current sheet region. Consequently, the
evolution prior to t=8 is dominated by these initial fluctua-
tions. While these fluctuations may lead to the onset of re-
connection, we are primarily interested in the nonlinear evo-
lution of reconnection. We will therefore focus on the
evolution thereafter.

Figure 1 shows the magnetic field normal to the current
sheet plane �Bz� during three different times �t=9,15,20� of
the subsequent evolution. The initial, highly structured per-
turbation begins to self-organize before t=9, and has reached
an almost y-independent state by t=15 and thereafter. The
formation of elongated reconnection channels has been seen
before in simulations of antiparallel16 and guide-field mag-
netic reconnections.17

The formation of the reconnection channels is associated
with the fast transport of newly reconnected magnetic flux in
the direction of the electron flow. Outside the immediate
electron diffusion region, the magnetic field is frozen into the
electron flow. The electron flow near the electron diffusion
region is dominated by the presence of a very thin electron
current sheet �see below�, such that electrons move rapidly
into the negative y direction. This motion implies that newly
generated magnetic flux normal to the current sheet will get
swept along by the electron flow, thereby generating patterns
elongated in the y direction. This mechanism is similar to
findings for antiparallel reconnection.16,18

Figure 2 displays the evolution in time of the total
amount of the reconnected magnetic flux

� = 

Bz�0

Bz�z = 0�dxdy �6�

as well as an estimate of the average reconnection electric
field Er, derived by

��

�t
= ErLy . �7�

The overall reconnection rate is only slightly smaller than the
rates found in translationally invariant models6–8 and than
the rates in antiparallel reconnection models,19 despite the
higher overall density and the presence of the guide magnetic
field.

A more detailed analysis of the central �y=0� plane is
presented in Fig. 3. The upper panel displays the structure of
the guide magnetic field �By� component. The bottom panel

FIG. 1. �Color online�. Normal magnetic-field component Bz in the current
sheet plane for three different times of the simulation. The panels show a
self-organization of the reconnection process from a number of substruc-
tures to an elongated reconnection channel.
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of Fig. 3 depicts the variation of the electron current density
in the same plane. The panel demonstrates the presence of a
very strong and localized electron current sheet in the elec-
tron diffusion region, with weaker branches extending along
one edge of the By enhancement regions. Overall, the By

modulation and the electron current sheet appear to be mor-
phologically rather similar to results from translationally in-
variant models.

A final comparison focuses on the dissipation mecha-
nism. While 2.5-dimensional models predict a comparatively
laminar, thermal inertia-based dissipation process, it is pos-

sible that turbulence in a fully three-dimensional model may
lead to strong spatiotemporal fluctuations. While the latter
will, on a microphysical level, also be represented by a com-
bination of thermal and bulk inertia effects �2�, it may be
very difficult to analyze pressure tensors and bulk inertia
terms under these conditions. The question is which route the
system chooses if it is left to its own devices.

Figure 4 answers this question for the later times of the
present calculation. From previous work, we expect the elec-
tron pressure tensor component Pyze to play the dominant
role in �2� in the absence of turbulence.7 The top two panels
of Fig. 4 display this component in two different planes, the
central, y=0, plane �top panel�, and in a perpendicular cut
along the main current direction, in the x=6.9 plane. No
smoothing has been applied to this direct derivation from
particle data. These two panels display a clear positive-

FIG. 2. �Color online�. Growth of the integrated Bz perturbation �recon-
nected flux� in the current sheet plane and average reconnection electric
field.

FIG. 3. �Color online�. Variation in the y=0 plane, of the magnetic guide-
field component By �top panel�, and of the electron current density jy �bot-
tom panel�, for time t=15.

FIG. 4. �Color online�. Electron pressure tensor component Pyze in the y
=0 plane �top panel� and in the x=6.9 plane �bottom panel�. The bottom
panel shows a plot, along z, of the electron current density and of Pyze at
x=6.9 and y=−0.47, together with the electron Larmor orbit diameter �black
double arrow�. All panels are for t=15.
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 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.183.169.235 On: Fri, 19 Dec 2014 16:27:00



negative variation for ascending z, centered about the elec-
tron current sheet location.

A more detailed analysis is shown in the bottom panel of
Fig. 4, which presents a cut along the z direction, located at
x=6.9 and y=−0.47. The graphs show the variation of the
Pyze pressure tensor component along with that of the elec-
tron current density. The black double arrow indicated the
local electron Larmor orbit diameter. The electron pressure
variations are located at the edge of the current density peak.
The length scale for both current and pressure tensor nongy-
rotropies is associated with the electron Larmor radius.

The typical density in this region is ne=0.9. Using, from
the figure, a pressure variation of �Pyze=−0.06, we can de-
rive an approximate reconnection electric field, at this loca-
tion by using �2�,

Er � −
1

ene

�Pyze

�z
� 0.17. �8�

All other derivatives in Eq. �2� are negligible. This value is
only slightly larger than the overall rates shown in Fig. 2,
indicating that there are small variations of the reconnection
rate along the channel shown in Fig. 1. The result does show,
however, that the pressure tensor-derived electric field can
supply the dominant contribution to the reconnection electric
field even in a fully three-dimensional simulation.

In summary, this study employed fully three-
dimensional electromagnetic particle-in-cell simulations to
study the electron dissipation region of collisionless mag-
netic reconnection. The main goal of the study was to inves-
tigate whether the electron quasiviscous dissipation
mechanism1–3,7 also applies in a fully three-dimensional en-
vironment, where additional degrees of freedom open up the
possibility for additional avenues of dissipation mechanisms.
Based on the expected properties of electron quasiviscous
dissipation, we set up the simulation such that the model
resolves the local electron Larmor radius in the dissipation
region.

In order to avoid unrealistic growth of modes such as the
lower-hybrid drift instability,13–15 we chose as an initial con-
dition a perturbed, force-free, fluid equilibrium with an ini-
tially spatially constant density and pressure. The trade-off
proved to be an initial adjustment phase, which is likely
driven by the lack of kinetic equilibrium of the initial fluid
equilibrium. The fluctuations associated with this adjustment
originated well outside the current sheet, and subsequently
preceded into the current sheet proper. Therefore, a study of

the initial evolution of the simulation was outside the scope
of this investigation.

After the adjustment period, however, the calculation
featured the establishment of pronounced reconnection chan-
nels elongated along the main current direction. A detailed
analysis of this reconnections channel revealed a structure
very similar to that seen in earlier high-resolution, transla-
tionally invariant models.7 These results include the domi-
nance of the electron quasiviscous dissipation, which readily
provided the required magnitude of the reconnection electric
field.

Therefore, the present research shows that electron qua-
siviscous dissipation remains a viable dissipation process
even if the dynamics is not constrained to variations in two
spatial dimensions only. The question whether this dissipa-
tion process is dominant in all possible situations or not,
however, will provide topics for challenging and intriguing
future investigations.

This research was supported by NASA’s Sun-Earth Con-
nection Theory Program �SECTP�. We appreciate stimulating
discussions with J. Drake and Phil Pritchett.
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